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Abstract
Ionic liquids (ILs) were investigated for functionalization of activated carbon (AC) adsorbents
for the filtration of warfare toxins. Preliminary steps were taken by testing absorption capacity of
neat ILs and tethering ionic liquids to the surface of AC. AC is known to have good adsorption
ability for warfare agents. Functionalizing the AC with ILs could enhance the capture ability
significantly. ILs have been found to be good absorbents for a variety of gaseous species. The
absorption selectivity and capacity can be tuned by changing the anion-cation pair. By tethering
ILs to AC, the beneficial properties of gas absorption from ILs can be integrated into a solid
system. The simulant dimethylmethylphosophnate (DMMP) was utilized in gas capture
investigations as a model for sarin gas. In order to understand the impact of the cation-anion pair
selection in the IL, DMMP absorption tests were conducted in neat ILs. This was done by
flowing argon saturated in DMMP through the ionic liquids and monitoring the DMMP detection
via a Residual Gas Analyzer (RGA). The highest absorption capacity of DMMP in the ILs tested
of

0.68

mmol

DMMP/mol

bis(trifluoromethylsulfonyl)imide

IL

was

([Bpi][NTf2]).

achieved
The

ILs

using

1-butylpyridinium

[Bpi][NTf2]

and

choline

bis(trifluoromethylsulfonyl)imide ([ChO][NTf2]) were tethered to the AC using physisorption
techniques. The technique was effective in tethering the ILs to the surface and allowing the ILs
to remain partially tethered after independently being washed with deionized water and going
through temperature programmed desorption (TPD) tests.
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Prelude
There were many activities that occurred behind the scenes that made the following thesis
possible. These activities are part of the overall thesis experience that is more than just the
results, findings, and discoveries. First, a thorough literature survey was necessary in order to
gain insight about the project and the theories of absorption in general after careful dissection of
the proposal. After, the part that is often overlooked, is the setup and calibration of the apparatus
used to perform the experiments. When I came to the lab there was no absorption setup, there
was only a reaction setup for a different experiment that was attached to the residual gas analyzer
(RGA) equipment that needed to be disassembled. With the advisement of Professor Biddinger, I
performed all the necessary purchases of valves and fittings and assembled the absorption setup
from the ground up. This system needed calibration with regards to the rotameters and
stabilization of gases using the gas analysis software. When it came time to performing
temperature programmed desorption (TPD) of the ionic liquids attached to activated carbon (ACILs) the apparatus needed to be redesigned in order to accommodate absorption, TPD, and
potentially adsorption tests. Working within a restricted space environment, the system was
designed to be as compact as possible. Thorough calibration and leak checks of this system were
performed before use. After exhaustive efforts to ensure the stability of the system, proper
experiments could finally be performed to an acceptable standard within the laboratory.

vii

Chapter 1: Introduction
Warfare toxins continue to pose a threat to soldiers while fighting on the battlefield as
well as to civilians. The most widely used chemical warfare agents used include VX, sarin,
mustard gas, phosgene, and chlorine.1 These gases range in toxicity, accessibility, and popularity
but all have been used over the course of history to cause harm both on and off the battlefield
even as recently as the sarin attack in Syria in April 2017.2 In 2013, during the Syrian Civil War,
one of the most deadly modern chemical attacks occurred when sarin-containing rockets hit
Ghouta, Syria, killing as many as 1,729 people.3
Resistance against the use of gaseous toxins comes in the form of air-purifying filters.
Filters such as HEPA are made to capture particulate matter of size 0.3 microns or greater with
99.97% efficiency.4 These filters, composed of fiberglass, are designed for defense against
pathogens. They see a significant drop in efficiency as adsorbate size decreases. The size of the
chemical warfare agents is on the nanometer scale. Many filters such as those used in respirators
are composed of carbon. With carbon filters, the method of filtration is through adsorption where
small molecules being filtered are adsorbed to the surface of the carbon particles. Use of granular
activated carbon is common with particle sizes ranging from 1.4 mm – 3.5 mm. Often these
particles are impregnated with ASZM-TEDA (copper, silver zinc, and molybdenum –
triethylenediamine) to enhance adsorption.4 Another method of modifying activated carbon for
filtration involves the use of ionic liquids.5,6 The aim of this thesis is to determine the optimal
cation-anion ionic liquid (IL) pair to optimize the capture capacity of dimethyl
methylphosphonate (DMMP), which is commonly used as a simulant for sarin gas. Additionally,
techniques were developed in tethering ILs to activated carbon (AC) to enhance the adsorption
capacity of the activated carbon. The motivation for these activities was to improve the
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breakthrough time of a common activated carbon filter for the adsorption of toxins. By
modifying the surface of the activated carbon with ionic liquids it was hypothesized that the
capture capacity would be increased. This research demonstrates the preliminary steps taken to
optimize ILs for the capture of DMMP and for the functionalization of the surface of activated
carbon.

2

Chapter 2: Background
Chapter 2.1 Ionic Liquids (ILs)
Ionic liquids are defined as stable liquids composed of ions with melting points below
100°C with effectively negligible vapor pressure.7 The most commonly used ILs are commonly
highly viscous, hygroscopic, and typically have high molecular weight cations. Common cations
include derivatives of N, N’ - dialkylimidazolium and N – alkylpyridinium. Common anions
include

bis(trifluoromethylsulfonyl)imide

(NTf2),

dicyanamide

(DCA),

and

trifluoromethanesulfonate (TfO or triflate).8
Often, combinations of cation and anion pairs are synthesized to yield/display a particular
property.7 However some properties such as density and water solubility are almost entirely
dictated by the anion with little influence given by the cation.7 The density of the ionic liquid
decreases with decreasing molecular weight of the anion.9 Trends in water solubility of ionic
liquids follow the hydrophobicity of the anion. The hydrophobic nature of the ionic liquid comes
from fluorinated anions such as NTf2, TfO, and hexafluorophosphate (PF6).7 The influence that
the cation has on the overall miscibility of the ionic liquid is the degree of its alkyl chain length.
For example an ionic liquid with the cation 1-butylpyridinium triflate will be less miscible in
water than 1-ethylpyridinium triflate although the anion has the predominant effect.10

Chapter 2.2 Ionic Liquids in absorption purification
Ionic liquids have been used in the absorption of gases; most extensively covered is
absorption of carbon dioxide.11-13 Many studies involving the absorption of CO2 using ionic
liquids was conducted with regards to the application of separating flue gas streams. It appears
that similar to the relationship of water solubility with ionic liquids the trend of CO2 solubility in
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ionic liquids also is dictated by the anion and is in accordance with the following trend from
lowest to highest CO2 absorptivity: [NO3]- < [DCA]- < [BF4]- ~ [PF6]- < [OTf]- < [NTf2]- <
[methide]- with the 1-butyl-3-methylimidazolium cation ([Bmim]).14 The experiments done by
Anthony, et al. were performed using several cations although the cation selection seemed to
have little significance upon the absorption of gases. It is the anion that is the dominant
component in determining absorption capacity The ionic liquid [Bmim][NTf2] showed promise
in the solubility of CO2 at 25°C with a Henry’s constant of 33.0 ± 0.3 bar vs. 59.0 ± 2.6 bar for
[Bmim][BF4].14

Based on the literature it was reasonable that absorption of DMMP would

follow a similar pattern to that of CO2.14

Chapter 2.3 Volatile Organic Coumpound (VOC) absorption in ILs
In order to confirm the pattern seen with CO2 absorption, a review was done in the area
of VOC absorption in ILs since VOCs are more similar in size and functionality to DMMP and
thus would be a better model. Research has been performed in the area of VOC absorption in
several ionic liquids.15-17 In a study Milota, et al. showed that formaldehyde and methanol were
able to absorbed by the ionic liquid, tetradecy(trihexyl)phosphonium dicyanamide.15,16
Additionally, a study was done by Gonzalez-Miquel, et al. using the conductor-like screening
model for real solvents (COSMO-RS) analysis to tune cation-anion pairs in order to optimize gas
capture characteristics.17 Many gases including the alkanes, alkenes, and fluorohydrocarbon
VOCs were studied and conclusions include that the ionic liquid pairs most favorable are those
with large anions such as tris(pentafluoroethyl)trifluorophosphate or [NTf2]- paired with cations
with long alkyl chains. Henry’s constants for [Bmim][NTf2] of ethylene and ethane at 25°C are
70 ± 4 bar and 97 ± 7 bar, respectively.14 It was believed that the non-localization of the charge
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of the bulky anion was advantageous in creating cation-solute interaction. The least favorable
absorbents were those with polar anions paired with small imidazolium-based cations with
regards to absorbing nonpolar solutes.17

Chapter 2.4 Activated carbon tethered to ionic liquids (AC-ILs)
The adsorbents proposed are ionic liquid-functionalized activated carbons (AC-ILs).
Activated Carbon (AC) itself is known as a good adsorbent for warfare agents

18

It has been

shown to have a static adsorption capacity of 0.37 g DMMP/g AC for ASC Carbon at a DMMP
concentration of 2.2 mg/L at 22 - 24°C.19 However, it is non-selective in its adsorption20 and its
adsorption properties are highly dependent upon the physical characteristics of the AC. Studies
involving pore size distribution show that a pore diameter of 0.5 nm is ideal for the highest
adsorption capacity of sarin and DMMP.18 By tethering ionic liquids (ILs) to the surface of the
AC, the adsorbent can be tuned to be more selective towards warfare agents. With the high
absorption capabilities of ionic liquids, tethering of ionic liquids to activated carbon for enhanced
separating ability has been investigated. In a study by Karousos, et al. ionic liquids were tethered
to the porous surface of activated carbon using both physisorption and chemisorption
procedures.6 Physisorption is the physical adsorption of a molecule onto the surface of a solid
where the molecules are interacting via van der Waals forces. Chemisorption, however, involves
a chemical reaction taking place between the interacting molecule and ligand on the surface of
the solid. The physisorption techniques involved dissolving the ionic liquid in a solvent, mixing
with activated carbon then vacuum drying off the solvent. The purpose of the study was to
separate SO2 from a SO2/CO2/O2/N2 gas stream. Promise was shown for physisorbed 1-ethyl-3methylimidazolium acetate ionic liquid to activated carbon for the adsorption of SO2 at 298 K
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and 100 kPa with 1.01 mmol/g of SO2 adsorbed at the breakthrough point compared to 0.38
mmol/g for the bare activated carbon with no ionic liquids tethered to the surface.6

Chapter 2.5 DMMP as a simulant for sarin
To safely investigate the absorption of sarin in ionic
liquids, a common simulant was used, DMMP. In several
studies, DMMP is used as a model simulant for sarin in both
experiments and simulations.21-23 DMMP is a common choice

Figure 1. Sarin and DMMP
Structures

for mimicking the behavior of sarin for one, due to its similarity in structure and molecular size
(Figure 1) but also transport and reactivity. Other simulants used include diisopropyl
fluorophosphate (DIFP), which contains the fluoro group bonded to the central chiral carbon
similar to sarin. DIFP however is a strong neurotoxin in its own right and although it is less
potent than sarin, it is still powerful and can be very dangerous when used in the laboratory.21
Very good agreement between computational studies and experimental data has been shown
through the work of Sokkalingam, et al. with regards to phase behavior of Sarin and DMMP.22
However, quantitative differences were seen between DMMP and sarin and similar nerve agent,
soman.22

Chapter 2.6 DMMP adsorbtion using activated carbon
Studies have been conducted for DMMP adsorption onto activated carbon due to the
prevalence of the adsorbent in respirator filters.18,19,24,25 The main focus of these studies is the
breakthrough time of DMMP as well as the adsorption capacity of the activated carbon.
Experimental results are often compared to theory using the Wheeler-Jonas model19,24,25
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(Equation 1) for vapor breakthrough in a packed bed due its ability to relate breakthrough time
with critical bed weight and dynamic adsorption capacity:
!!

𝑡! =    !

! ∗!

∗ 𝑊 − 𝑊!

(1)

Where:
𝑡! = breakthrough time
𝑊! = adsorption capacity
𝐶! = inlet concentration of DMMP
Q = Vapor volumetric flowrate
W = Weight of packed bed
𝑊! = critical bed weight
Critical bed weight is the minimum weight of absorbent to prevent immediate breakthrough. It is
a term that brings adsorption kinetics into the equation and is defined in Equation 2:
𝑊! =   

!! ∗!
!!

!

∗ ln !!

(2)

!

𝜌! = bulk density of packed bed
𝑘! = rate constant
𝐶! = exit concentration of DMMP
Combining equations 1 and 2 gives the modified Wheeler equation (Equation 3):
!

𝑡! =    !∗!! ∗ 𝑀 −
!

!! ∗!
!!

!

∗ ln !!

!

(3)

This model is effective due to its successful agreement with experimental results. The model is
also successful due to the variety of factors that it takes into account including adsorption
kinetics where the rate constant is evaluated. Factors affecting the rate constant include grain size
of the activated carbon, humidity, and air velocity.19 When studying a pulsating flow pattern to
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simulate breathing through a respirator, it was found that pulsating and fixed flows had very
similar dynamic adsorption capacity.24
The overall longterm goal was to develop an adsorbent with enhanced breakthrough time
and adsorption capacity of sarin through the application of ionic liquids on activated carbon. This
thesis focuses on optimal ionic liquids for this application, which were found through absorption
experiments using the absorbate, DMMP, a common sarin simulant molecule. Ionic liquids were
tethered to activated carbon and the resulting adsorbent was tested for stability.
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Chapter 3: Experimental Procedure
Chapter 3.1 Materials
The activated carbon used was coconut shell COC-KI 60 of particle sizes 4 x 8 from
Carbon Activated Corp. All carbons were dried under vacuum at 120°C at -30 in. Hg for 6 hours
before use to eliminate moisture from inside the pores. The absorbate used was dimethyl
methylphosphonate (DMMP), 99% from Pfaltz & Bauer. All ILs used were obtained from Ionic
Liquid Technologies, Inc. and vacuum dried at 40°C at -30 in. Hg to achieve water contents
<200 ppm (verified by Karl Fischer titration). The ionic liquids that were used are shown in
Table 1.
Table 1. ILs used with Structures, Names, and Abbreviations

[Bmim][NTf2]
1-butyl,3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

[Bpi][NTf2]
1-butylpyridinium
bis(trifluoromethylsulfonyl)imide

[Bmim][DCA]
1-butyl,3-methylimidazolium
dicyanamide

[Bpi][DCA]
1-butylpyridinium dicyanamide

[ChO][NTf2]
choline bis(trifluoromethylsulfonyl)imide

Chapter 3.2 Gas Absorption
To test DMMP absorption in ILs, a gas absorption system was designed and built in the
laboratory (Figure 2). All experiments were done at atmospheric pressure.
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Figure 2. Flow schematic for DMMP absorption studies in ionic liquids
Argon served as a carrier gas that flowed directly to the analyzer, a Hiden Analytical HPR-20
Atmospheric Pressure Gas Analysis System for Catalyst Characterization and Screening residual
gas analyzer (RGA) mass spectrometer. Argon was bubbled through DMMP using a porous
diffuser tube (Filter Stick from Ace Glass 135 mm in length with 5 mm O.D. glass frit with
porosity C, 25 – 50 microns) at 32 mL/min. Before absorbance, was bubbled through DMMP to
an empty sample vial and then to the RGA. Argon was run until the DMMP signal became stable
at which point the argon was considered saturated in DMMP. At this point, the IL sample, which
was typically 2 mL, was injected into the sample vial using a syringe through a septum. Using
the stable detection level, the partial pressure of DMMP in the gas phase entering the RGA was
calculated based on its vapor pressure at room temperature.26 The partial pressure was converted
to a mole fraction of DMMP in the gas phase, which was then converted to concentration. This
method was used to determine the baseline concentration of DMMP for the steady initial signal.
Then the concentration during absorption was determined based on the signal’s percentage of
this initial steady baseline signal level. Moles of DMMP absorbed were determined based on the
flowrate and the absorption time. Capacity was determined based on the total quantity absorbed
over the mass of the ionic liquid sample.
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Chapter 3.3 Synthesis of AC-ILs
Two AC-ILs syntheses were performed with the ILs [Bpi][NTf2], and [ChO][NTf2]. The
method used was modified from procedures reported in the literature.27-29 The procedure
included an initial vacuum drying of the AC at 120°C and -30 in. Hg for 6 hours in order to drive
off any moisture contained within. Then the AC was mixed with the IL and dichloromethane for
6 hours then rotary evaporated at atmospheric pressure at 60°C until there was no solvent left.
The AC-IL was then vacuum dried at 60°C and -30 in. Hg for 8 hours to further induce the
tethering process. A water treatment step was performed to remove any untethered AC-IL by
mixing and filtering the AC-IL with deionized water. This step was done in three separate
aliquots.

Following this step, the AC-IL was dried under vacuum at 70°C at -30 in. Hg for 8

hours. The amounts of each material used in the syntheses of AC-[Bpi][NTf2] and AC[ChO][NTf2] are displayed in Table 2.
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Table 2. Amount of material used in synthesis of AC-[Bpi][NTf2] and AC-[ChO][NTf2]
Synthesis 1
1
2
Chemical [Bpi][NTf2] [ChO][NTf2] [Bpi][NTf2]
AC Mass 260.0 ± 0.2
260.0 ± 0.2
46.0 ± 0.2
(g)
IL
24.0 ± 0.1
24.0 ± 0.1
4.547
±
Volume
0.001*
(mL)
IL Mass 34.9 ± 0.2*
36.1 ± 0.2*
6.6143
±
(g)
0.0001
IL Moles (8.39
± (9.80 ± 0.06) (1.59
±
(moles)
0.05) x 10-2* x 10-2 *
0.05) x 10-2*
Dichloro 500 ± 2
500 ± 2
88.5 ± 0.6
methane
Volume
(mL)
Water
300.0 ± 0.2
300.0 ± 0.2
52.8 ± 0.5
Volume
(mL)
IL/AC
0.0923
± 0.0923
± 0.0988
±
(mL/g)
0.0005
0.0005
0.0004
IL/AC
0.1343
± 0.1389
± 0.1438
±
(g/g)
0.0008
0.0008
0.0006
IL/AC
(3.23
± (3.77 ±
(3.45 ±
(mole/g)
0.02) x 10-4
0.02) x 10-4
0.02) x 10-4
IL/
0.0480
± 0.0480
± 0.1438
±
Dichloro 0.0003
0.0003
0.0006
methane
(mL/mL)
IL/Water 0.0800
± 0.0800
± 0.0861
±
(mL/mL) 0.0005
0.0005
0.0008
* Indicates calculated (not measured) values

2
[ChO][NTf2]
46.0 ± 0.2

3
[Bpi][NTf2]
340.0 ± 0.2

3
[ChO][NTf2]
340.0 ± 0.2

4.411
0.001*

31.4 ± 0.1

31.4 ± 0.1

6.6365
±
0.0001
(1.80 ± 0.05)
x 10-2*
88.5 ± 0.6

45.6 ± 0.2*

47.2 ± 0.2*

52.8 ± 0.5

393.0 ± 2.4

393.0 ± 2.4

0.0959
±
0.0004
0.1443
±
0.0006
(3.92 ±
0.02) x 10-4
0.1443
±
0.0006

0.0923
±
0.0005
0.1343
±
0.0007
(3.22 ±
0.02) x 10-4
0.0480
±
0.0003

0.0923
±
0.0005
0.1388
±
0.0007
(3.77 ±
0.02) x 10-4
0.0480
±
0.0003

0.0835
0.0008

0.0798
0.0006

0.0798
0.0006

±

±

0.1010
0.0006 *
654 ± 2

±

±

0.1282
0.0006*
654 ± 2

±

±

Chapter 3.4 Water Washing
To test the stability of the AC-ILs an extra washing step was performed on a portion of
the AC-ILs. This extra washing step was done in the same manner as the “Synthesis of AC-ILs”
procedure in that 3 iterations of deionized water washing and filtering occurred followed by
another vacuum drying step performed at 70°C at -30 in. Hg for 8 hours.
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Chapter 3.5 Temperature Programmed Desorption
The thermal stability of the AC-ILs was investigated utilizing temperature programmed
desorption (TPD) experiments. The AC-ILs were loaded into a quartz tube to create a packed bed
with a diameter of 22 mm and a length of 38 mm. Quartz wool plugs were used on both ends of
the AC-IL to hold it in place. The quartz tube containing the packed bed was loaded into a
furnace and hooked up to the flow system. The system was modified from previous studies so
that DMMP absorption studies in ILs, DMMP adsorption studies with AC-ILs, and TPD
experiments on AC-ILs could all be performed without modification to the system (Figure 3).

Figure 3. Flow schematic for DMMP absorption studies in ILs, DMMP adsorption
studies with AC-ILs, and temperature treatment of AC-ILs
The temperature was increased at 5°C/min starting from room temperature up to 100°C where it
was held for an hour and then brought back down to room temperature by natural cooling. Argon
was used as a carrier gas flowing through the packed bed at 42 mL/min. The effluent gases were
fed to the Residual Gas Analyzer (RGA) mass spectrometer for detection of desorbed species.
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Chapter 3.6 X-ray Photoelectron Spectroscopy (XPS)
XPS was used to characterize the bare AC as well as AC-[ChO][DCA], AC-[Bpi][NTf2]
and AC-[ChO][NTf2]. The AC-ILs were scanned for the orbitals F 1s, O 1s , N 1s, C 1s, and S
2p in order to identify the species on the surface of AC. Scans were performed for AC-ILs before
and after water washing steps and TPD independently for comparison purposes.
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Chapter 4: Results and Discussion
Chapter 4.1 Gas Absorption Results
Imidazolium-based ILs are the best characterized and most studied ILs so initial
experiments

were

performed

bis(trifluoromethylsulfonyl)imide

utilizing

the

([Bmim][NTf2])

ILs

1-butyl-3-methylimidizolium

and

1-butyl-3-methylimidizolium

dicyanamide ([Bmim][DCA]) (structures shown in Table 1). These ILs were selected because of
their extreme differences in CO2 absorption capacities.14 It was hypothesized that absorption of
DMMP would follow a similar pattern to that of CO2 since VOCs also follow this trend.14,17

Figure 4. DMMP Absorption in [Bmim][NTf2]
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Figure 5. DMMP Absorption in [Bmim][DCA]
Further experiments were performed utilizing the ILs [Bpi][DCA], [Bpi][NTf2] and
[ChO][NTf2]. A summary of the results is included in Table 2. A brief example for two of the
ILs investigated will be discussed here. Figure 4 shows the results of DMMP absorption in
[Bmim][NTf2]. Prior to injection of the IL, the DMMP concentration steadily increases until it
reaches saturation. Then a dramatic initial drop in DMMP concentration in the gas phase can be
observed at the point of IL injection into the system at time, 0 min. [Bmim][NTf2] continued to
absorb DMMP for another 250 minutes. It should be noted that the experiment performed here
is not an analysis of the kinetics of DMMP absorption, rather the equilibrium absorption
capacities are being measured.

Mass transfer limitations have not been minimized in this

experimental set up. The depression in DMMP gas phase concentration directly relates to the
absorption capacity of the IL, with the area between the red line and blue curve being the number
of moles of DMMP absorbed when the flowrate (32 ml/min argon) is also considered. Based
upon the quantity of IL used, the absorption capacity was found to be 0.65 mol% DMMP in
[Bmim][NTf2] for the experiment shown.

In comparison, DMMP absorption in the
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[Bmim][DCA] IL is shown in Figure 5. The absorption capacity for the experiment shown was
found to be 0.38 mol% DMMP in [Bmim][DCA]. The ppm level difference between the
absorption experiments in Figures 4 and 5 are due to temperature differences in the lab thus
affecting the vapor pressure of DMMP.
The differences between DMMP absorption capacities for [Bmim][NTf2] and
[Bmim][DCA] support the hypothesis that DMMP absorption follows the trends similar to that
of CO2 absorption in ILs in that the anion has a significant impact on the capacity. With CO2,
ILs with the [NTf2]- anion have much higher absorption capacities than those with [DCA]anions. To illustrate this difference between the two ILs further with CO2, the CO2 Henry’s
constant of [Bmim][NTf2] is 33.0 ± 0.3 bar14 and of [Bmim][DCA] is 90-100 bar (according to
graphical fits from Aki, et al.30 supplemental data) at 25°C. It was found with imidazoliumbased ILs that the CO2 absorption trend is as follows with the anion used: [NO3]- < [DCA]- <
[BF4]- ~ [PF6]- < [OTf]- < [NTf2]- < [methide]-

14,30,31

. This data shows that the DMMP

absorption does follow that of CO2 absorption in ILs.
The results of the DMMP absorption tests are shown in Table 3. The experiments
performed with the [Bpi]+ cation followed the trends of the [Bmim]+ cation where the anion
impacted the equilibrium capacity significantly more. The absolute equilibrium capacities were
also very similar. [ChO][NTf2] did not have nearly as high an equilibrium capacity as the
corresponding heterocylic systems, suggesting the cation does have a role as well.
Table 3. DMMP absorption equilibrium capacities in neat ILs
[Bmim][NTf2] [Bmim][DCA] [Bpi][NTf2] [Bpi][DCA] [ChO][NTf2]
Mol%
0.66 ± 0.03%
0.36 ± 0.03%
0.68 ± 0.03% 0.38 ± 0.04% 0.29 ± 0.08%
DMMP in IL
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Henry’s constant is a parameter that allows for a relationship between gas phase partial pressure
and liquid phase mole fraction to be made when the liquid phase mole fractions are small.
Henry’s constants are used for thermodynamic equilibrium values. The Henry’s Constant, H, is
used in Equation 4:
PA = xAHA

(4)

Where PA is the partial pressure of A and xA is the mole fraction of A in the liquid phase.
Henry’s constants are unique to each absorbate and absorbent at a specific temperature. A large
Henry’s constant indicates poor solubility of the absorbate in the absorbent, while a small
Henry’s constant indicates good solubility of the absorbate in the absorbent. Assuming that at the
DMMP vapor pressure, the mole fraction of DMMP in the IL was still in the linear regime, a
rough calculation of what the Henry’s constant would be for DMMP in [Bmim][NTf2] was
made. It was found that a Henry’s constant of DMMP in [Bmim][NTf2] at 25°C would be 0.11
bar compared to 0.32 ± 0.03 bar for benzene in 1-n-butyl-3-methyl imidazolium tetrafluoroborate
[Bmim][BF4] at 25°C. It is acknowledged that this may be an over simplification and studies as
a function of pressure would be necessary to verify this assumption. DMMP is absorbed in a
similar range compared to many VOCs, though the VOCs had great variability. Van der Waals
forces, hydrogen bonding, and polarity mis-fits all played a role in the favorability of the VOCs
absorbing in the IL17.

Chapter 4.2 Signal drift with Hiden RGA
Instrumental errors in the absorption studies were encountered using the Hiden Analytical
HPR-20 Atmospheric Pressure Gas Analysis System for Catalyst Characterization and Screening
residual gas analyzer (RGA) mass spectrometer in the absorption experiments. While passing
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gases through the RGA, a drift in the signals of the gas fragments over time was observed while
experiments were conducted for several hours consecutively. It was determined that the drift was
occurring due to changes in temperature over the course of the day in the laboratory space where
the experiments were being performed. The signal drift in accordance with temperature change
can be observed in Figure 6 where argon ran through the RGA for 27 hours while also
monitoring temperature.

Figure 6. 40 amu drift and temperature vs. time
Figure 6 shows the argon signal (40 amu mass) over a period of 27 hours while monitoring the
temperature. The drift that is observed in the argon signal corresponds with the time of day. The
test started at 2:30pm and for the first 5 hours, the signal was fairly stable until the temperature
droped at around 5.5 hours at 8:00pm giving way to an increase in the argon signal. The
temperature steadily decreased and then dropped dramatically at 17 hours at 7:30am
corresponding to an increase in the argon signal. It was stable for about 3 hours and then the
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temperature increased and was stable again at 2:30pm the next day. There is an inverse
relationship between the temperature and the argon signal. The reason for this inverse
relationship is due to the changes in the density and viscosity of the gas in response to an
increase in temperature. As temperature increases, the density of the gas decreases. From the
ideal gas law, at atmospheric pressure and at a temperature of 22°C, argon gas would have a
density of 1.65 g/L whereas at 24°C, the density would be 1.64 g/L. Viscosity also has a direct
relationship with temperature. At a temperature of 25°C, argon has a viscosity of 226.1
micropoise whereas at 100°C, the viscosity is 273.2 micropoise.32
One solution would be to strictly temperature control the laboratory or the laboratory area
where the experiments were taking place. Due to the lack of feasibility of this solution instead a
ratio of in-flowing gases were determined to obtain a baseline value. For example when
performing DMMP absorption or adsorption experiments, first, a ratio was determined by
Equation 5:
!""#  !"#$%&  (!"##)
!"#$!  !"#$%&  (!"##)

=𝑥

(5)

Where, x is the baseline factor. During the progression of the absorption experiments the amount
of DMMP absorbed can be determined from the change in x. For a typical absorption or
adsorption experiment x will decrease as sorption takes place and then increase and eventually
come up to its baseline value. This will occur because the 78 amu signal would decrease and then
increase while the 40 signal would be steady relative to the 78 amu signal. For this particular
experiment, the ratio, x, has been determined to be (7.20 ± 0.281) x 10-6 torr. This solution is
possible because the drift over time with response to temperature is constant for all gases
entering the RGA. The ratio, x, can be seen in Figure 7.
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Figure 7. 78 amu : 20amu signal ratio over a period of 7 hours
The 78 amu signal is used as it is the mass of the most intense DMMP fragment and 20 amu (20
m/z) is used for the argon signal due instrument limitations in detecting a 40 amu peak. In order
to detect the 78 amu signal the Hiden RGA switched from Faraday mode to the more sensitive
Secondary Electron Multiplier (SEM) mode. In this mode, intensity of the 40 amu signal was too
high and caused filaments to be disrupted. To avoid damaging the instrument, the 40 amu mass
was omitted during SEM scans. It has been established that the 40amu:20 amu ratio is constant
so it is appropriate to use the 20 amu signal to represent argon. Despite the noise in the signal
ratio, it is a satisfactory solution to the drift issue in relation to temperature.

Chapter 4.3 Experimental Errors
Another issue with regards to the absorption data is a problem occurring within the experimental
setup. A key step in the route of gas flow through the system is the DMMP saturation of argon.
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The success of the absorption experiment hinges on the argon to stay saturated with DMMP
throughout the entire length of the test. If the DMMP is lower than its saturation point within the
argon bubbles than this will cause the DMMP concentration level to be dynamic and inconsistent
which would lead to unreliable and irreproducible data. Argon was bubbled through liquid
DMMP in a round-bottomed flask. Above the liquid level an outlet needle was inserted through a
septum to act as a conduit for the gases and lead them to the next section of tygon tubing. In
order to achieve saturation, the DMMP liquid level must be high enough in order give the argon
bubbles rising in the liquid a long enough residence time. Alternatively, the flow rate could be
decreased to allow for a longer residence time although the RGA requires a flowrate of at least
25 mL/min to operate effectively. The problem occurred when running experiments for several
hours; the DMMP liquid level would decrease over time due to evaporation and thus would not
allow a long enough residence time for the argon bubbles to achieve saturation.
The solution to this experimental error was replacing the round-bottomed flask with a
larger test tube allowing a longer path length for the argon bubbles. This way an experiment
could be done for many hours without the liquid level dipping below the liquid level where argon
bubbles would leave the test tube under-saturated.
A typical path length for the argon bubbles in the round-bottomed flask was around 5 cm
during absorption experiments. In order to achieve saturation of DMMP in the argon bubbles, the
path length needs to be at least 5.6 cm neglecting buoyancy forces at a flowrate of 32 mL/min.
Many experiments were performed before realizing this experimental error was
occurring. It was discovered when an attempt was made to correct for the instrumental error
causing the DMMP signal drift using the ratio method described in Chapter 4.2. The before and
after correction graph using the 78 amu : 20 amu ratio is shown in Figure 8.
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Figure 8. 78 amu signal and 78 amu : 20 amu ratio for DMMP absorption in [Bmim][DCA]
Based on the drift trendlines, the 78 amu : 20amu ratio correction actually created a greater drift
than what was originally present with the 78 amu signal. This is due to the under-saturation
experimental error in the setup. As the test progressed, the liquid level of DMMP decreased
causing the argon bubbles to become under-saturated leading to a lower concentration of DMMP
in the bubble than what was present when the test began. Therefore over time the DMMP signal
decreased leading to a dynamic 78 amu : 20 amu ratio. In order to correct for the signal drift with
temperature, the 78 amu : 20 amu ratio must remain constant. Correction is possible if saturation
of DMMP in argon remains for the entirety of the test.
With the knowledge of the existence of these experimental errors, the results for the
DMMP absorption in ILs may need to be reevaluated. It is suggested that the experiments be
redone with the correction factor and making sure that argon remains saturated in DMMP so as
to confirm the findings that there is a trend with DMMP absorption in ILs linked to the specific
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anion/cation pair. For the DMMP absorptions an error analysis was performed revealing a
maximum error of 21% in association with the absorption capacity. It should be noted that
although the absorption capacities may need to be redone for quantitative precision but
qualitatively the trends related to anion/cation optimization should still hold true.
Chapter 4.4 AC-IL Synthesis Results
The AC-ILs were analyzed using X-ray photoelectron spectroscopy (XPS). The AC-ILs
were scanned for the orbitals F 1s, O 1s , N 1s, C 1s, and S 2p. The results of the atomic
percentages of these orbitals for each of the three syntheses are shown in Table 4. Error in the
atomic percentages was accounted for by: error in the spectrums of identical samples, and error
in the determination of peak area for elements in identical spectra.
Table 4. Atomic Percentages of Elements on AC surface in Separate Syntheses
Batch
1
1
2
2
3
Atomic
[Bpi][NTf2] [ChO][NTf2] [Bpi][NTf2] [ChO][NTf2] [Bpi][NTf2]
%
F
5.0 ± 0.4
5.0 ± 0.4
3.4 ± 0.4
8.4 ± 0.4
2.0 ± 0.4
O
9.0 ± 0.6
11.2 ± 0.6
11.4 ± 0.6
11.4 ± 0.6
12.4 ± 0.6
N
3.7 ± 0.1
5.1 ± 0.1
2.9 ± 0.1
3.8 ± 0.1
1.7 ± 0.1
C
80.7 ± 0.3
77.0 ± 0.3
81.3 ± 0.3
73.7 ± 0.3
83.2 ± 0.3
S
1.6 ± 0.1
1.7 ± 0.1
1.1 ± 0.1
2.8 ± 0.1
0.7 ± 0.1

3
[ChO][NTf2]
11.0 ± 0.4
15.7 ± 0.6
3.8 ± 0.1
65.7 ± 0.3
3.0 ± 0.1

The variability in the procedure of the syntheses shown previously in Table 2 is very small. Most
significantly, the loading of the moles of IL compared to mass of AC is consistent from batch to
batch with 3.2 x 10-4 ± 2 x 10-6 moles IL/g AC for [Bpi][NTf2] 3.8 x 10-4 ± 2 x 10-6 moles IL/g
AC for [ChO][NTf2]. Based on the small variability one would not expect to see the large
differences in the atomic percentages between batches that were indeed observed in the XPS
analyses of the samples seen in Table 3. For example, there is a significant difference in the
atomic percentage of fluorine in the [ChO][NTf2] between batches 1, 2, and 3, with 5.0 ± 0.4%,
8.4 ± 0.4%, and 11.0 ± 0.4%, respectively. Another significant difference is observed in the
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atomic percentage of nitrogen in the [Bpi][NTf2] between batches 1, 2 and 3, with 3.7 ± 0.1%,
2.9 ± 0.1% and 1.7 ± 0.1%, respectively. These differences imply that the tethering of the ILs to
the AC is inconsistent, which will then go on to produce inconsistent results when the AC-ILs
are tested for DMMP adsorption.
In addition to the inconsistency in the amount of IL tethered to the AC, there also seems
to be a decomposition of the ILs occurring on the surface. Evidence of this is given by the
variability in the fluorine to sulfur ratio. Based on the stoichiometry of the [NTf2] anion (seen in
Figures 1 and 2) the ratio should be 3.0 since the anion is the only ion containing these elements.
This does not always seem to be happening, for example in batch 3 the fluorine:sulfur ratio for
[ChO][NTf2] is 3.9 ± 0.1%. This suggests that a decomposition of the anion may be occurring
during the synthesis of the AC-ILs. Additionally, in this same batch for the [ChO][NTf2] there
also seems to be uneven tethering of the anion and cation to the surface of the AC. Figure 9
shows the N 1s region for AC-[ChO][NTf2]. Two peaks were fitted to the curve at binding
energies of 399.2 eV and 403.2 eV. The peak at 399.2 eV represents the central N atom on the
anion while the peak at 403.2 eV represents the N that is part of the ammonium group on the
cation.33-35 The ratio of the areas of the N on the anion to the N on the cation (399.2 eV:403.2
eV) is 2.4 leading to the conclusion that the anion is being preferentially tethered to the surface
of the activated carbon over the cation.
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Figure 9. N 1s Region for as synthesized AC-[ChO][NTf2]
Chapter 4.5 AC-IL Water Washing Stability
Synthesis of activated carbon – ionic liquid (AC-ILs) materials was performed using
physisorption methods. Investigations into AC-ILs (both in AC:IL synthesis ratios, and differing
ILs) for synthesis and characterizations were then performed. Additionally, stability of the ACILs was tested performing an extra water washing step.
Both the as-synthesized AC-ILs and the AC-ILs with the extra washing step were
analyzed using X-ray photoelectron spectroscopy (XPS). The AC-ILs were scanned for the
orbitals C 1s, O 1s, N 1s, F 1s, and S 2p.
Summaries of the surface elemental composition of the AC-ILs before and after the extra
wash are shown in Table 5, where “EW” represents the extra wash. IL is clearly present on the
both the AC-ILs as synthesized and after the extra wash. It appears that there was some loss of
ILs from the surface of the activated carbon with water washing, however, as evidenced by a
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general decrease in the atomic percentage of elements associated with the IL. The nitrogen
coverage did not change substantially for the AC-[Bpi][NTf2] before and after washing, while a
small increase was observed in nitrogen content after washing on the AC-[ChO][NTf2]. This
could be due to more anion being removed from the surface than cation or due to uncertainty in
the measurement of the N 1s spectra with low signal-to-noise ratios.
Some hypothetical scenarios of what could have caused the loss of ILs from the surface
and their rough calculations are discussed here utilizing the existing data and atomic surface
composition ratios shown in Table 6. If the IL anion and cation were adsorbed to the AC
equally, it would be expected to have an atomic ratio of 3:1 F:N on the surface. This was not
observed for the ILs. With the [Bpi][NTf2] there was about 1.4 times as much F. After washing,
this ratio further decreased to 0.8. This would support a hypothesis that much more anion was
washed from the surface than cation. With the [ChO][NTf2], the F:N ratio was close to one.
Upon washing, these ratios decreased, with F:N being close to one on the [Bpi][NTf2] and there
being more N than F on the washed [ChO][NTf2]. This further suggests that the anion and cation
were not adsorbed or bound at the same ratios in both types of ionic liquids. It is also possible
that part of the anion remained bound while another part was washed away as a result of
degradation.36 This would explain the decrease in the F:S ratio that should have remained at a
ratio of 3.0 due to the stoichiometry of the anion.
Table 5. Atomic Surface Composition of AC-ILs
Atomic % [Bpi][NTf2] [Bpi][NTf2]EW [ChO][NTf2]
F
5.0 ± 0.4
3.2 ± 0.4
5.0 ± 0.4
O
9.0 ± 0.6
8.1 ± 0.6
11.2 ± 0.6
N
3.7 ± 0.1
4.0 ± 0.1
5.1 ± 0.1
C
80.7 ± 0.3
83.4 ± 0.3
77.0 ± 0.3
S
1.6 ± 0.1
1.3 ± 0.1
1.7 ± 0.1

[ChO][NTf2]EW
2.9 ± 0.4
4.8 ± 0.6
6.3 ± 0.1
84.8 ± 0.3
1.3 ± 0.1
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Table 6. Atomic Surface Composition Ratios of AC-ILs
Ratios [Bpi][NTf2] [Bpi][NTf2]EW [ChO][NTf2] [ChO][NTf2]EW
F:N
1.4 ± 0.1
0.8 ± 0.2
1.0 ± 0.1
0.5 ± 0.1
F:S
3.1 ± 0.4
2.5 ± 0.5
2.9 ± 0..4
2.2 ± 0.5
The resulting spectrums for the scanned elements for both original AC-[Bpi][NTf2] and AC[Bpi][NTf2] with an extra wash are shown in Figures 10-14. These spectra also serve as
examples of the other XPS studies performed, analyzed and tabulated throughout the report.

Figure 10. C 1s Spectrum for as synthesized AC-[Bpi][NTf2] and AC-[Bpi][NTf2] extra
wash
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Figure 11. O 1s Spectrum for as synthesized AC-[Bpi][NTf2] and AC-[Bpi][NTf2] extra
wash
The C 1s spectra (Figure 10) shows a strong peak at 284.8 eV, as expected, that is representative
of the graphitic carbon in the AC. Smaller contributions from carbon-oxygen and carbonnitrogen bonds can also be seen from the small higher binding energy shoulder and the small
peaks at approximately 293 eV, respectively.
In the O 1 s spectra (Figure 11), 532.1 eV can be attributed to the oxygen in the sulfone
group in the [NTf2] anion35,37. Other species present can be attributed to oxygen functional
groups on AC.
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Figure 12. N 1s Spectrum for as synthesized AC-[Bpi][NTf2] and AC-[Bpi][NTf2] extra wash

Figure 13. F 1s Spectrum for as synthesized AC-[Bpi][NTf2] and AC-[Bpi][NTf2] extra wash
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The N 1s spectrum (Figure 12) shows the two nitrogen species are present from the IL. The
signal can be attributed to the central nitrogen in the [NTf2] anion at 399.2 eV and the nitrogen in
the [Bpi] cation at 403.2 eV38.
In Figure 13, the F 1s spectrum, shows one species; that of the -CF3 functional group in
the [NTf2] anion at 688.8 eV.35

Figure 14. S 2p Spectrum for as-synthesized AC-[Bpi][NTf2] and AC-[Bpi][NTf2] extra wash

The sulfone group in the [NTf2] anion can be attributed to the peak at 169.0 eV in the S 2p
spectrum (Figure 14), which is made up of p1/2 and p3/2 fitted peaks at a spin orbital splitting of
1.18 eV. This indicates the existence of only one type of sulfur species is in the AC-[Bpi][NTf2]
samples, which is expected considering the IL structure.
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Chapter 4.6 AC-IL Temperature Programmed Desorption Stability
In order to further test the stability of the AC-ILs, TPD tests were performed. Figure 15
shows the mass signals for the TPD experiment ran over AC-[Bpi][NTf2]. Figure 16 shows the
mass signals for the TPD ran over AC-[ChO][NTf2]. The signals shown are for species that
desorbed from the surface of the AC-IL.
The secondary y-axes are temperature in Figures 15 and 16 to allow the representation
the measured temperature at the reactor wall when the reactor was suspended in a tube furnace as
a function of time. The temperature ramp was 5°C/min, though had some minor instabilities
(5°C swing) in initially maintaining the 100°C hold. This is not uncommon in furnaces at low
hold temperatures. This slight deviation in temperature at the point that the temperature hold
started in the furnace program did not appear to have a significant impact on the mass signals.
Any evidence of IL decomposition or desorption would be the features most interesting
from the TPD study, however, the majority of the species observed to evolve are due to the AC
and exposure of the sample to the atmosphere prior to TPD analysis. The peaks observed in
mass signals in the TPD are a function of the temperature ramp terminating and leading to the
hold. If the temperature ramp had continued, increased evolution of these species would have
been observed until they were completely removed from the surface. The peaks paired with the
termination of the temperature ramp indicate incomplete desorption.
The 50 amu and 51 amu signals are likely the fragments of -CF2 and -CF2H, respectively,
from the [NTf2]- anion.39 Detection of these fragments indicates loss of IL-derived species from
the surface. The signal from these is relatively small compared to the other signals, though could
be significant. The corresponding possible contributions from the [Bpi]+ cation (Bpi fragment
masses 56 amu for the butyl group and 80 for the pyridinium ring, respectively40) were not

32

observed above the noise. Similar trends were in the TPD experiment for AC-[ChO][NTf2]
where weak contributions for the anion were observed but no significant observations for cation
contribution were observed.
The 18 and 17 amu mass fragments likely are due to the desorption of physisorbed H2O
and the -OH water fragment, respectively. These AC-ILs were stored at atmospheric conditions
after synthesis, making water vapor adsorption likely. It is also known that water vapor adsorbs
in significant amounts on AC due to the oxygen functional groups on the surface.41
TPDs on carbonaceous materials can be utilized to identify oxygen functional group
species on the surface based upon the temperatures at which CO2 and CO evolve from the
surface42. These evolutions occur at temperatures much higher than 100°C, however. This
means that most of the species evolved from the surface during these TPD studies are likely due
to physisorbed species rather than chemically-bound oxygen functional groups. The 44 amu
signal most likely refers to CO2 that had been physisorbed to the surface, which is known to
occur on AC-based materials.43,44
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Figure 15. Mass signals from species evolved during TPD of AC-[Bpi][NTf2]. (Top) High
intensity signals. (Bottom) Low intensity signals
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The 28 amu signal in mass spectrometry is generally difficult to assign. Even in an airtight
system, small quantities of atmospheric nitrogen background will be detected, with N2 having a
molecular weight of 28. CO is also another possible evolution species that could occur with a
molecular weight of 28. In addition, CO2 is another likely evolution species. The molecular
weight of CO2 is 44, however, it fragments by losing an O, resulting in 28 also receiving a
contribution from CO2. When 44 and 28 amu follow the same pattern, it can be concluded the
majority of the 28 signal is from the CO2 fragment. N2 is unlikely to be an evolved species itself,
making any changes in the baseline 28 signal that are not reflected in the 44 signal likely due to
CO evolution. Confirmation of this is made by following the 14 amu signal, which will represent
the N2 fragment when one N is lost.
Bare activated carbon, and [Bpi][NTf2] tethered to activated carbon (AC-[Bpi][NTf2]),
and [ChO][NTf2] tethered to activated carbon (AC-[ChO][NTf2]) samples were analyzed postTPD using X-ray photoelectron spectroscopy (XPS). The surface analyses from pre- and postTPD were compared to determine stability at 100°C. It should be noted that the AC-ILs were
from a different batch than the water stability tests, which is some variability in the compositions
is noted. The results of the TPD tests are shown in Table 7 displaying relative atomic
percentages of carbon, oxygen, nitrogen, fluorine, and sulfur on the surface of each sample. AT
translates to atomic percentages after TPD testing is performed on the AC-ILs.
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Figure 16. Mass signals from species evolved during TPD of AC-[ChO][NTf2]. (Top) High
intensity signals. (Bottom) Low intensity signals
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Table 7. Atomic Surface Composition of AC-ILs with Heat Treatment
Atomic %

Bare AC

F

0.0 ± 0.4

O

7.9 ± 0.6

N
C

0.0 ± 0.1
92.1
±
0.3
0.00
±
0.1

S

Bare AC
AT
0.0 ± 0.4

[Bpi][NTf2]

[ChO][NTf2]

3.4 ± 0.4

[Bpi][NTf2]
AT
11.2 ± 0.4

8.4 ± 0.4

[ChO][NTf2]
AT
8.1 ± 0.4

11.3
±
0.6
0.0 ± 0.1
88.7
±
0.3
0.00
±
0.1

11.4 ± 0.6

6.6 ± 0.6

11.4 ± 0.6

4.7 ± 0.6

2.9 ± 0.1
81.3 ± 0.3

2.4 ± 0.1
77.8 ± 0.3

3.8 ± 0.1
73.7 ± 0.3

1.4 ± 0.1
84.0 ± 0.3

1.1 ± 0.1

2.1 ± 0.1

2.8 ± 0.1

1.8 ± 0.1

From Table 7, it appears that the high temperatures did have an effect on the both the bare AC
and the AC-ILs. The oxygen:carbon ratio increased slightly after TPD testing on the bare AC,
which could be due to air exposure while AC remains at elevated temperatures.45
Table 8. Atomic Surface Composition Ratios of AC-ILs With Heat Treatment
Ratios
[Bpi][NTf2] [Bpi][NTf2] AT [ChO][NTf2] [ChO][NTf2] AT
F:N
1.2 ± 0.2
4.7 ± 0.4
2.2 ± 0.2
5.8 ± 0.7
F:S
3.1 ± 0.6
5.3 ± 0.3
3.0 ± 0.3
4.5 ± 0.5
For AC-[Bpi][NTf2], the fluorine:nitrogen ratio is 1.2 (as seen in Table 8). If the cation and anion
of the ionic liquid are tethered to the activated carbon in an even ratio, the fluorine:nitrogen ratio
should be 3.0 based on the stoichiometry. This data shows that the cations and anions are not
being tethered evenly and the cations are being tethered preferentially over the anions. After
TPD testing is performed this ratio increases to 4.7, which may be a result of [Bpi][NTf2]
degradation on the surface of the activated carbon or more cations than anions leaving the
surface of the activated carbon as a result of the elevated temperatures.34
The fluorine:sulfur ratio in the untreated AC-[Bpi][NTf2] is 3.1 and therefore seems to
follow a similar trend as the fluorine:nitrogen ratio, where according to the stoichiometry of the
ionic liquid, should be 3.0. Unlike the fluorine:nitrogen ratio result, this cannot be attributed to
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uneven representation of the cation or anion since the anion is the only constituent containing
fluorine and sulfur species. After TPD testing is performed this ratio increases to 5.4, which may
be the result of [Bpi][NTf2] degradation on the surface of the activated carbon.
As shown earlier, Figure 9 shows the N 1s region for AC-[ChO][NTf2] before TPD
testing is performed. The same was done after TPD testing. The ratio of the areas of the N on the
anion to the N on the cation (399.2 eV:403.2 eV) is 1.8 leading to the conclusion that the anion is
being preferentially tethered to the surface of the activated carbon over the cation. However, this
ratio contradicts the fluorine:nitrogen area ratio shown in Table 6 for the as synthesized AC[ChO][NTf2]. The anion:cation area ratio based on the N peaks combined with the stoichiometry
of the ionic liquid means that fluorine:nitrogen ratio should be 3.9 instead of 5.8. An explanation
for this discrepancy is that perhaps only a portion of the anion is being tethered to the activated
carbon. If the –CF2 groups remained attached to the activated carbon and the nitrogen came off
as an evolved species then this would explain the lower fluorine:nitrogen ratio that is observed.
Based on the XPS analysis of the carbon after TPD testing it is clear that there was
degradation of ILs on the surface of the AC indicating instability at higher temperatures with ILs
supported on AC. This conclusion was drawn based on the increase in fluorine:nitrogen and
fluorine:sulfur ratios post-TPD testing. The change in these ratios indicates sensitivity of the
ionic liquids to elevated temperatures. This claim is also supported by the gas evolution data
showing CF2 and CF2H fragments evolving from the surface in accordance with the increase in
temperature. These trends however, would lead to lower fluorine:nitrogen and fluorine:sulfur
ratios after performing TPD tests on the AC-ILs.
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Chapter 4.7 AC-IL Pore Size and Surface Area Analysis
In order to investigate the surface of the AC-ILs, Brunauer-Emmett-Teller (BET) surface area
analysis and Barrett-Joyner-Halenda (BJH) adsorption and desorption techniques were
performed on bare AC, AC-[Bpi][NTf2], and AC-[ChO][NTf2].
The results of the BET surface area and volume analyses of bare AC and AC-ILs are shown in
Table 9.

Table 9. Surface Area and Volume of Bare AC, AC-[Bpi][NTf2], and AC-[ChO][NTf2]
Analysis
Bare AC AC-[Bpi][NTf2] AC-[ChO][NTf2]
BET Surface Area (m2/g)

963.0870 837.1087

861.0009

Pore Volume (cm3/g)

0.3897

0.3522

0.3461

It appears that surface area as well as volume decreased as a result of synthesizing the AC-ILs.
An explanation could be ILs tethering inside and/or spanning across the smallest micropores and
thus effectively blocking the inner surface area. This would lead to a smaller overall surface area
and volume as well as peak surface area and volume distribution at higher diameter micropores.
The sizes of [Bpi][NTf2] and [ChO][NTf2] have an impact on the surface area and volume
distribution of the AC-ILs due to their surface coverage. The anions of the ILs were both the
same but between the cations, but due to the presence of the pyridine ring on the [Bpi] cation, it
has a greater projected area than the [ChO] cation. With a larger projected area of the [Bpi] this
will lead to larger IL surface area coverage making it more likely that the IL will cover up pores.
This explains the lower surface area and volume distribution of the AC-[Bpi][NTf2] vs. AC[ChO][NTf2]. Another factor to take into account is the loadings of the IL on the AC during ACIL synthesis. On a mole basis the loading of the [Bpi][NTf2] onto the AC is lower than
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[ChO][NTf2] ((3.22 ± 0.02) x 10-4 vs. (3.77 ± 0.02) x 10-4 mol IL/g AC). One would expect the
AC-IL with the higher loading to have lower surface area and volume distribution however the
Bpi cation must have made a significant impact by having a larger projected area.
On a volume basis, the loading for both AC-[Bpi][NTf2] and AC-[ChO][NTf2] was 0.09
mL IL/g AC. The total pore volume change from bare AC to each AC-IL was 0.0436 mL/g and
0.0375 for AC-[Bpi][NTf2] and AC-[ChO][NTf2], respectively. These pore volume changes are
less than half of the IL loading during the synthesis meaning most of the IL must have been
deposited on the outside surface of the AC as opposed to in the pores.
The results of the incremental BET surface area analysis with average pore size are shown in
Figure 17.
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Figure 17. Surface Area Distribution of Bare AC, AC-[Bpi][NTf2], and AC-[ChO][NTf2]

40

BET techniques were performed to gather surface area distribution of Bare AC and the AC-ILs,
with regards to pore radius. The peak surface area distribution of 176 m2/g is located in pores
with radius 0.25 nm for bare AC comprising 18% of the total surface area of 963.0870 m2/g. The
total surfaces areas for AC-[Bpi][NTf2] and AC-[ChO][NTf2] were 837.1087 cm3/g and
861.0009 cm3/g, respectively. Peaks of 171 m2/g and 162 m2/g at 0.33 nm comprise 20% and
19% of the total surface area for each AC-[Bpi][NTf2] and AC-[ChO][NTf2], respectively. It
should be noted in the AC-[Bpi][NTf2] and AC-[ChO][NTf2] there are essentially no pores with
radii < 0.25 nm whereas the bare AC has a decently high surface area of 128 m2/g at a radius of
0.21 nm. The results of the incremental volume analysis with average pore size are shown in
Figure 18.
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Figure 18. Volume distribution of Bare AC, AC-[Bpi][NTf2], and AC-[ChO][NTf2]
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BJH techniques were performed to gather pore volume distribution of bare AC and the AC-ILs,
with regards to pore radius. It appears that the peak volume distribution of 0.39 cm3/g is located
in pores with radius 0.22 nm for bare AC comprising 56% of the total volume. Peaks of 0.28
cm3/g and 0.27 cm3/g at 0.33 nm comprise 81% and 77% of the total volume for each AC[Bpi][NTf2] and AC-[ChO][NTf2], respectively. It is interesting that the peak volume distribution
for the bare AC is not located in the same pore size where the peak surface area was observed, at
0.25 nm. This implies that the shape and structure of the pores may vary with size.
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Figure 19. Adsorption/Desorption N2 Isotherm of Bare AC, AC-[Bpi][NTf2], and AC[ChO][NTf2] at 77K
The adsorption/desorption N2 isotherm of bare AC, AC-[Bpi][NTf2], and AC-[ChO][NTf2] is
shown in Figure 19. From Figure 19 it appears that the bare AC has the highest adsorption
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capacity followed by AC-[Bpi][NTf2] and AC-[ChO][NTf2] with similar adsorprtion/desorption
curves. This data along with the surface area and volume distributions confirm that the ILs were
able to tether to the inside walls of the pores rather than just tether to the outside surface of the
AC. Kowalczyk, et al. state that adsorption of DMMP in porous materials such as activated
carbon is correlated with the micropore volume of the porous material.18 The greater the
micropore volume the greater the DMMP capture. According to Kowalczyk, et al. the optimal
pore size was micropores with a width of 0.5 nm on activated carbon.18 Micropores with widths
larger than 0.5 nm had a lower ability to capture due to the ease of the adsorbate molecule to
come desorbed from the walls as a result of low surface contact from only coming into contact
with one wall. With micropores 0.5 nm and smaller the fluid becomes wedged in between both
walls of the pore making it more difficult to desorb.18 The parameter of width is used due to
pores of different geometries (circular and slit-shaped) used in the study conformed by
Transmission Electron Microscopy (TEM). If it is assumed that all the activated carbon pores
used for ionic liquid tethering and porous materials used in the Kowalczyk, et al. study are
circular then this pore width can be equated to a diameter. A pore width of 0.5 nm translates to a
pore radius of 0.25 nm. Comparing this optimum pore radius of 0.25 nm to the surface data
collected on the AC-ILs shows that the bare AC has the highest potential for absorption capacity
given its high volume content at a pore radius of 0.25 nm. The volume content peaks for AC[Bpi][NTf2] and AC-[ChO][NTf2] are slightly higher at 0.33 nm, which may have a detrimental
effect on DMMP adsorption although the highest surface area distribution was at a radius around
0.29 nm. The shift towards higher volume content in larger pore sizes in the AC-ILs may be a
result of long heat exposure time during the tethering process.46
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Chapter 5: Conclusions
From the analysis of the data collected several conclusions can be drawn. ILs are capable
of absorbing DMMP, a simulant molecule for sarin, successfully. Both the anion and cation
impact the equilibrium absorption capacity of DMMP. From the tests performed, the ionic liquid
with the highest absorption capacity was [Bpi][NTf2]. In light of the instrumental and
experimental errors showing a 21% error in these absorption capacity results, they may need to
be reevaluated in terms of their quantitative values with, however, the qualitative trends
involving tuned anion/cation pairs is still valid.
The tethering procedure does appear to be effective in adsorbing ionic liquids to the
surface of activated carbon. However, based on the ratios of individual elements represented on
the surface of the activated carbon it appears there is preferential tethering with respect to the
individual ions. Washing of the AC-ILs induces preferential untethering of anions from the
surface over the cations. Analysis of TPD tests suggests degradation of anions on the surface of
the AC. This is due to the increase of 50 and 51 amu signals possibly corresponding to CF2 and
CF2H functional groups in accordance with elevated temperature.
BET surface area and volume distribution analyses reveal that bare AC has a higher
surface area and pore volume than the AC-ILs. The analyses also show that bare AC possesses a
greater surface area and volume distribution within an optimal micropore 0.25 nm radius. ILs
may be causing blockage of smaller micropores limiting the exposure of inner surface area and
volume that could extend breakthough time and increase capture capacity.
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Chapter 6: Future Work
Recommendations for further investigation include addressing the instrumental and
experimental errors in DMMP absorption. In terms of instrumental errors a 78amu : 20 amu ratio
should be used to accurately determine DMMP capture capacity of ionic liquids in order to
combat the effects of signal drift with temperature change. To address experimental problems
previously encountered, DMMP should be contained using glassware with a longer path length
allowing an adequate residence time for argon bubbles to achieve saturation of DMMP for the
entirety of the absorption experiment. Once these issues have been resolved, repeat experiments
of DMMP absorption in ILs should be performed to determine error and confirm trends related
to anion/cation dependence. Additional ILs are recommended to be tested with different anions
such as triflate anions to determine the impact of different functional groups. Further
experiments include performing breakthrough studies of DMMP with bare AC as well as ACILs. These would be performed to determine whether the breakthrough time of DMMP the
adsorption capacity of the AC-ILs compared to bare AC to seen if functionalization of the AC
surface with ILs enhanced adsorption.
A new procedure for AC-IL synthesis would be tested using a less hazardous solvent
such as methanol and increasing solvent mixing time with AC to see if even tethering of the ions
to the surface can be achieved. AC-ILs would be synthesized with loadings of different
quantities of ILs and will be tested in adsorption tests to determine optimal loading for maximum
adsorption capacity.
DMMP would be tested to see its transferability as an appropriate model simulant for
sarin. This may be done by performing absorption and adsorption experiments using sarin in a
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safe and secure environment (Edgewood Chemical and Biological Center) and comparing
capacity results with that of DMMP tests.
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List of Symbols, Abbreviations, and Acronyms
AC - Activated Carbon
AC-IL - Ionic liquids tethered to activated carbon
BET - Brunauer-Emmett-Teller
[BF4]- - Tetrafluoroborate anion
BJH - Barrett-Joyner-Halenda
[Bmim] [BF4] - 1-n - butyl-3-methyl imidazolium tetrafluoroborate
[Bpi][NTf2] - 1-butylpyridinium bis(trifluoromethylsulfonyl)imide
[ChO][NTf2] - Choline bis(trifluoromethylsulfonyl)imide
COSMO-RS - Conductor-like screening model for real solvents
[DCA]- - Dicyanamide anion
DIFP - Diisopropyl fluorophosphate
DMMP - Dimethyl methylphosphonate
HA - Henry’s constant of species A
IL – Ionic Liquids
[methide]- - methide anion
[NO3]- - Nitrate anion
[NTf2]- - bis(trifluoromethylsulfonyl)imide anion
PA - Partial pressure of species A
[PF6]- - Hexafluorophosphate anion
RGA - Residual Gas Analyzer
[TfO]- - Trifluoromethanesulfonate anion
TPD - Temperature Programmed Desorption
VOC - Volatile Organic Compounds
xA - Mole fraction of species A
XPS - X-ray Photoelectron Spectroscopy
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